This review exanulies the hypothesis that oxidative stress is an initiating factor for the development of maturity onset cataract and describes the events leading to lens opacification. Data 
ABSTRACT
This review exanulies the hypothesis that oxidative stress is an initiating factor for the development of maturity onset cataract and describes the events leading to lens opacification. Data how to create a tissue that focused light on the retina with minimum distortion and maximum stability so that the organ would remain in a reasonably unaltered state for a number of decades. The problem was solved by the development of an encapsulated, avascular, transparent organ in contact with a relatively rapidly changing medium on the anterior side, the aqueous humor (1). Zonular fibers hold the lens in position and contribute to the forces causing change in the lenticular curvature required for accommodation, the ability to focus on objects of varying distance from the eye. The lens contains a single layer of epithelial cells that, in the equatorial region, terminally differentiate into fiber cells (1, 2). There is explosive growth during this process, with the cell elongating toward both anterior and posterior poles. The newly formed fiber cell develops over the older fibers, increasing the volume of the lens and simultaneously displacing the older fibers in toward the center of the tissue. Thus, the inner region represents the embryonic lens, the oldest part of the tissue designated as the nucleus, and the periphery contains the youngest section, the cortex, which is the metabolically active region. The nucleus, mitochondria, and other cellular organelles are degraded during the terminal differentiation process so that the fully differentiated lens fiber, which represents a large proportion of the mature lens, has lost its ability to synthesize protein and maintain metabolic processes. In human development during the prenatal and early postnatal periods, the formation of new lens fibers goes on at a rapid rate. But after the first few years of life the rate decreases markedly, and then continues on at a slow but constant level for the remainder of life (3, 4). A consequence of this process is that the fraction of the lens that is metabolically active is constantly diminishing. It is generally believed, but not established, that only the epithelial cells can carry on all of the typical cellular functions.
The fiber cells are filled with high concentrations of the crystallins, the proteins that contribute a uniform refractive index to the fiber and minimize light scatter (5). The mature fibers cannot replace damaged protein macromolecules (6), have limited capacity to repair damaged macromolecules, and have a low level of defense against external insult (5). Thus, the gradually expanding inner region of the organ is dependent on the epithelium and a thin layer of developing fiber cells for maintenance of its environment and protection against insult and, thus, for its transparency.
The lens, then, is a tissue susceptible to damage, which is maintained in a native condition by its isolated situation and its metabolically active periphery. Being avascular, en- 
CATARACT
Cataract is an opacity of the lens of the eye. There are many distinct types of cataract defined on the basis of the section of the lens that has become opaque (16). They include cortical, involving the outer section of the tissue; nuclear, the inner core; posterior subcapsular, the superficial region below the capsule on the posterior side; and opacities that encompass all regions of the lens. Numerous classification systems have been developed based on the morphology and, in some cases, on the color of the opaque region (16). The relationship between these morphologically different opacities is not clear but it is generally believed that at least some may represent different disease entities. More than 17 million people worldwide are blind from cataract (17). In the United States, more than 1 million cataract operations are performed annually (17, 18). It is the most frequently performed surgical procedure in people older than 65 years and is the leading cause of morbidity and functional impairment among the elderly (19). It is anticipated that the population most likely to develop cataract, those 55 or older, will in the near future quadruple worldwide and increase significantly in the United States (20). Thus, cataract is an important disease both in terms of the number afflicted and the economic demand placed on health budgets (e.g., approximately 12% of the Medicare budget has been reported to be used for cataract surgery and related expenses) (19).
EVIDENCE LINKING OXIDATIVE STRESS TO CATARACT
What is the evidence that oxidative stress is associated with the development of human cataract?
The cataract under discussion appears late in life and is frequently called maturity onset cataract; it is probably not associated with congenital conditions or other diseases, such as diabetes, which has a significant correlation to cataract development. The constituents of the young lens differ chemically from the older lens. Thus, caution must be used in establishing a normal reference for changes observed in cataract developing in older lenses. These differences between young and old lenses are a result of three major processes.
First Thus, the composition of the key lens proteins varies considerably with respect to relative amounts and specific components between the inner older region and the outer younger section of the lens. Finally, with aging certain key metabolically active components involved in protecting the lens from stress appear to decrease in activity (35, 36). However, a recent report suggests that the apparent age-dependent loss in lens glutathione reductase activity may be due to the increasing mass of fiber cells with little or no metabolic activity rather than to a real drop in activity (37).
In the normal, young human lens, there is no oxidation of the cytosolic protein and no oxidation in the membrane fraction (38 It has also been shown in cell culture that if the metabolic systems involved in degrading H2O2 are compromised, epithelial cell death is observed (49). The lens has an intracellular environment characterized by a high potassium and low sodium content. This is maintained primarily by an active Na/K-ATPase residing in the epithelial and superficial cortical region (50, 51). In cataract, there is a marked change in the relative concentrations of these ions, suggesting that NaJK-ATPase has been compromised, and evidence indicating that Na/K-ATPase activity decreases markedly in human cataract has been reported (52) . Using organ culture systems, it has been shown that H2O2 stress will inhibit the Na/K pump and cause an uncoupling of ATP hydrolysis and ion translocation (53) . It appears that H2O2-induced oxidation prevents the molecular modifications required to translocate the ions and stimulates ATP hydrolysis. These observations establish that H2O2 can cause cataract and that the damage is similar to that found in human cataract. If this is true, then it might be assumed that oxidative stress would not affect the lens if H2O2 levels were maintained at normal physiological levels. Experiments were therefore designed to answer three questions: 1) Can lens H2O2 levels be maintained at physiological levels by a detoxifying system when the lens environment is continuously confronted with high concentrations of H2O2 or H2O2 is rapidly generated?
2) Can the detoxifying system be out- If 200 JIM of the above-described mimic was present, the lens appeared rather normal (46). There was little change in transparency over a 4 day period and all other parameters were in the normal range. The experiments confirm that H2O2 stress can cause cataract and that elimination of H2O2 by the synthetic peroxidase mimic protects the lens even though the compound does not enter the tissue (46). Of course, the degradation of H202 in a system that contains no other oxidants offers little insight into the contribution of H2O2 to the overall oxidative stress produced by a group of ROS. A number of model systems have been used to induce cataract that involve oxidative stress. They include hyperbaric oxygen (59, 60), X-radiation (61, 62) , selenium (63) , and photochemical stress (46, 57). In most of these systems, the events leading to cataract have not been clearly defined. The elucidation of the photochemistiy of riboflavin (64) in which oxygen is reduced to produce 02'-, H2O2, and in the presence of metal ion hydroxyl radical 'OH, encouraged lens investigators to consider using this system to apply a complex oxidative stress on the lens. Using media containing riboflavin and with visible light it was shown that cultured rat lenses were seriously compromised by this system (65). It was also demonstrated that either SOD or catalase prevented to varying degrees deterioration of cation transport systems, which are particularly sensitive to oxidative stress. Shortly thereafter, using a similar system as well as a rose bengal sensitizer, Jernigan et al. (66) found that H2O2 is the major oxidant causing damage to the lens in the riboflavin photochemical system. But it was later suggested that much of the H202-incluced damage was a result of Fenton chemistry producing hydroxyl radical (67) . Recently the actual generation of H2O2, Of-and 'OH in this system has been followed (68) . (It should be noted that only light above 350 nm reached the cultured lenses.) It was found that oxidants are generated only during the first few hours after initiation of the photochemical insult. Because of their short halflives, Of-and 'OH very rapidly disappear independently of lens detoxification whereas H2O2, a relatively stable oxidant, requires lens degradation systems for its elimination (46). From work in other systems, it would appear that singlet oxygen does not make a major contribution under these conditions (69, 70 ). An attractive aspect of the system is that the level of oxidants can be easily altered by modifying the concentration of riboflavin present in the medium (57).
When long-term experiments were performed with this system using 4% 02 and 4 p.M riboflavin, changing the medium every day, a gradual deterioration in both physical and biochemical parameters occurred. By 96 h, only the inner region of the lens is transparent and all biochemical parameters have markedly declined. Thus, the stressing system allows one to follow, over a relatively short time, the development of the cataract. Again, the presence of a system to specifically degrade H2O2 prevented cataract formation (57). Thus, with a complex oxidative stress involving not only H2O2, but also 02'-and 'OH, elimination of H2O2 is sufficient to prevent cataract in organ culture.
OXIDATIVE STRESS-INDUCED DAMAGE MAY BE

IRREVERSIBLE
This system could now be exploited to ask a number of important questions.
Is prolonged oxidative stress required for the development of cataract or will a short stress of a few hours suffice to produce opacity? Initial observations where the insult was limited to 24 h indicated that the damage was irreversible and deterioration continued, but the rate of continued deterioration was generally slower than had been observed with continuous stress (71) . If the rate of cataract development is indeed dependent on the length of the stressing period, it should then be possible to determine the initial targets of the oxidative stress and the extent to which early changes in certain parameters might result in later modifications in other parameters.
Thus, a sequence of events leading to cataract might possibly be reconstructed.
The maximum time that lenses can be conventionally cultured and still maintain transparency and most normal cell biological parameters is about 2 wk. Thus, oxidative stressing periods must be selected that result in cataract development in this time frame (68) . It was found that there is an inverse relationship between the length of insult and the time to develop opacity. Even with periods of insult of less than an hour, as will be discussed later, irreversible damage can be observed, but the time for cataract to develop is too slow to be reasonably followed with this system. Thus, a lens subjected to 24 h of oxidative stress appears similar to a 7 h-insulted lens about 4 days after insult ( Fig.  1) (71) .
With a 7 h insult, opacification develops at a reasonable rate, and this period has been used to examine slowly developing changes such as transparency ( Fig. 1 ) (71) . The initial changes have been examined with shorter periods of insult (68) .
THE EPITHELIAL CELL LAYER IS THE SITE OF THE FIRST STRESS-INDUCED DAMAGE
What are the initial targets of oxidative stress? Previous observations suggest that the single layer of epithelial cells might be the first site of oxidative damage. Opacification frequently begins in this region (46). In other types of cataract, epithelial cell pathology is an early event. With sugar cataract, the initial changes in transparency are in the epithelial cell region resulting from the swelling of the cells in which osmotically active sugar alcohols have accumulated (72) . The opacity progresses from the epithelial subcapsular region to gradually involve the entire lens, a sequence similar to that found with oxidative stress.
X-ray cataract is not as well understood as either oxidative stress or sugar cataracts.
But observations implicate the epithelial cells as being involved early in the overall cataract development.
Although the opacity begins in the posterior subcapsular region, Worgul and associates (73, 74) The FASEB Journal SPECTOR differentiation leading to migration of the cells to the postenor pole.
In a recent article, Hightower (75) has reviewed evidence linking UV-induced cataracts to epithelial cell damage and concluded that there is "compelling evidence for implicating epithelial damage as the causative factor in UV cataract". Unpublished work from this laboratory has shown that epithelial cell apoptosis precedes opacification resulting from UV insult. Finally, in the selenite-induced cataract it has been shown that if the anterior side of rabbit lenses are exposed to selenite, ionic imbalance and cataract of the whole lens develops, but if the posterior side of the lens is exposed the lens remains transparent (76) . The epithelial cell layer is only on the anterior side of the lens.
THE EPITHELIAL CELL REDOX SET POINT CHANGES RAPIDLY UPON INITIATION OF OXIDATIVE STRESS
Thus, it appears that the single layer of epithelial cells might be an early or possibly first site of oxidative damage. Examination of the redox set point contributes to the viewpoint that the initial response to oxidative stress occurs at the epithelial cell level. The redox set point of the cell can be defined in terms of the ratio of reduced to oxidized glutathione (GSH/GS-). Lens epithelial cells have a high concentration of glutathione estimated to be greater than 10 mM (77) . It has been demonstrated that oxidation of GSH results in the concomitant formation of GSSG. Under normal conditions, the observed ratio of GSH/GS-is greater than 100, indicating that the cell is able to maintain a remarkably high reducing environment, quickly recycling the oxidized GSSG back to GSH (78). This process uses an active GSH reductase coupled to a large capacity to produce NADPH via the hexose monophosphate shunt. Thus, it is really glucose that is supplying the ultimate reducing potential to the cell. When bovine lens epithelial cell cultures are subjected to 150 p.M H2O2, a concentration in the range found in cataract patients, within 3 mm the GSH/GSratio plunges to 0.16 (Fig. 2) (78) . The environment has quickly become oxidizing.
If after this 3 mm insult the H202 was removed by addition of catalase, within 4 mm the original reducing ratio had been approximately reestablished although the GSH concentration is somewhat lower. Such experiments indicate that it is possible to quickly overwhelm the oxidative defenses of the cell with moderate oxidative stress.
Similar experiments have been conducted with cultured rat lenses (79) . Similar to the cell experiments, it was found that the presumptive GSH level in the epithelial layer dropped approximately 30% after a 30 mm stress and by more than threefold within 1 h of oxidative stress. Again, with cessation of the insult, the redox set point returned to the normal range within 15 mm. A similar change was not observed in the remainder of the lens, which suggests that the ROS were being metabolized in the outer layer of the organ, protecting the remainder of the lens from damage.
Even though the epithelial cell fraction was not able to maintain a normal reducing environment during this short stress period, for periods of up to a few hours at least it continued to have the capacity to regain its normal redox set point when the stress was removed. With longer periods of insult, this capacity declines. The loss of a reducing environment provides the opportunity for oxidative damage to the epithelial cell layer.
IRREVERSIBLE OXIDATIVE DAMAGE QUICKLY DEVELOPS IN THE LENS EPITHELIAL CELL
If damage to the cell is dependent on the redox ratio, then the foregoing experiments suggest that the initiation of cataract begins in the metabolically active epithelial cell layer and not in the less active fiber cells. Other data also suggested that the epithelial cells are vulnerable to this type of insult and that the damage may occur shortly after initiation of the oxidative stress. When bovine lens epithelial cells were subjected to H202 in the range 50 to 200 p.M for only 5 mm, significant DNA single-strand breaks were detected (80) . The extent of the breaks was dependent on the concentration of H2O2 and also shown to be dependent on the formation of 'OH because both the iron chelator 1,10-phenanthroline and 'OH scavengers markedly inhibited the erase appears to be involved in the repair process because there is an activation of the enzyme and a drop in NAD, a cofactor used by the repair enzyme, concomitant with the initiation of DNA breaks. Furthermore, 3-aminobenzamide, a specific inhibitor of the polymerase, prevents these changes and increases the observed damage produced by 11202 (81) . However, because during the recovery period the inhibitor has a diminishing effect on the repair, it is likely that other repair enzymes are able to complete the recovery.
Even though patients usually have their cataracts removed by techniques that destroy the integrity of the tissue, it is still possible to obtain capsule epithelial cell samples from the central region of the epithelial layer. The integrity of the DNA residing in cells from such samples has been measured by a single-cell gel assay (82). The assay is based on the observation that native DNA will not significantly migrate in an electrophoretic field under the experimental conditions whereas smaller DNA species will be mobile, the degree of migration being related to the size of the DNA. Analyses of the epithelmal cell samples from cataract patients indicated that more than 50% of a small group of analyzed samples had degraded DNA (83). Hardly any damage was found in a normal control group with a similar age distribution.
Experiments with bovine lens epithelial cells exposed to 50 to 100 JIM H202 for 5 mm gave similar results. There was a distribution in the degree of damage in different cells, suggesting a variation in the response of individual cells to the insult. Thus, it is reasonable to conclude that oxidative stress quickly overwhelms the defenses of the epithelial cell layer of the lens and, as discussed earlier, results in the observed precipitous drop in reducing potential; on the basis of cell culture experiments, within minutes it affects the integrity of the DNA.
Using the photochemical stress oxidative system, with rat lenses in organ culture it was found that other indicators of epithelial cell damage were also rapidly effected. Tnitiated thymidine incorporation decreased by 10-fold after an insult as brief as 1 hour (79) . Furthermore, no recovery was observed.
A nick translation assay that measures single strand breaks indicated a twofold increase in breaks after only 10 mm of stress. Vital staining with Trypan blue after only a 2 h insult revealed that in the equatorial region where cell division and terminal differentiation occurs, 15% of the cells were stained whereas no staining was found in the central region (68) . By 4 days after a 7 h insult, all equatorial cells and approximately 60% of the central epithelium were stained, yet little opacification was observed in the central region. It would appear that actively dividing cells are more sensitive to stress. Similar results were found with dividing and stationary phase cell cultures (80) .
Investigation
of the lens using morphological examination, thymidine deoxyribonucleotidyl transferase (TdT) labeling (84, 85) , DNA laddering (86), and c-fos expression (87) indicates that photochemical stress initiates cell death (68, 79) . Within the first few hours of insult there appears to be a swelling of the cells in the equatorial region and then the central region, which after 7 h leads to necrotic cell death and some indication of apoptosis as well. Upregulation of c-fos and DNA laddering is also found during the first 24 h after a few hours of insult. By 24 h, the epithelial cell layer has been seriously compromised and the region is no longer transparent.
There is no indication that the process can be reversed.
CLASSICAL INDICATORS OF CATARACT
DEVELOPMENT DETERIORATE SLOWLY Some other changes occurring in the lens as a result of oxidative stress are summarized in Fig. 3 The FASEB Journal SPECTOR h insult more than 70% of the activity remains. When this observation is correlated with the massive damage observed in this region, it can be concluded that the enzyme activity is independent of the overall cellular structure in which it resides but is dependent on the oxidation of the thiol in the enzymes' active center. After 48 h of continuous oxidative stress using somewhat stronger photooxidizing conditions, no GPD activity remains (46).
It is interesting that the classical indicators of cataract such as wet weight, NP thiol, and loss of transparency also change markedly but at a much later time. After 7 h insult, it is only 7 days later that the cortex is completely opaque (Fig. 1) , and only at a similar time that a large amount of H2O has entered the lens (Fig. 3) . It is apparent that loss of transparency is not a good indicator that a lens has been compromised and will develop cataract, nor (as discussed previously) are other indicators that show changes well after irreversible damage has occurred. It would seem that once the epithelial cell layer has been damaged at the DNA and membrane level, cataract is inevitable. Based primarily on these observations, the sequence of events leading to cataract as a result of photochemical insult can be delineated as shown in Fig. 4 . The events described in the period of insult occur within 7 h under the experimental conditions described above (68 (88, 89) .
The next stage in developing techniques to prevent human maturity onset cataract will probably be at the animal level. Work has already begun in laboratories to develop new animal models for cataract as well as to exploit existing models. Experimentation directed at increasing the antioxidative defenses of the lens by gene amplification has been initiated.
New potential anticataract compounds are also being developed.
The next few years should bring exciting new developments to this field.
